Chavez RJ, Haney RM, Cuadra RH, Ganguly R, Adapala RK, Thodeti CK, Raman P. Upregulation of thrombospondin-1 expression by leptin in vascular smooth muscle cells via JAK2-and MAPKdependent pathways. Am J Physiol Cell Physiol 303: C179 -C191, 2012. First published May 16, 2012; doi:10.1152/ajpcell.00008.2012.-Hyperleptinemia, characteristic of diabetes and a hallmark feature of human obesity, contributes to the increased risk of atherosclerotic complications. However, molecular mechanisms mediating leptininduced atherogenesis and gene expression in vascular cells remain incompletely understood. Accumulating evidence documents a critical role of a potent antiangiogenic and proatherogenic matricellular protein, thrombospondin-1 (TSP-1), in atherosclerosis. Although previous studies reported elevated TSP-1 levels in both diabetic and obese patients and rodent models, there is no direct information on TSP-1 expression in vascular cells in response to leptin. In the present study, we show that leptin upregulates TSP-1 expression in cultured human aortic smooth muscle cells (HASMC) in vitro, and this increase occurs at the level of transcription, revealed by mRNA stability and TSP-1 promoter-reporter assays. Utilizing specific pharmacological inhibitors and siRNA approaches, we demonstrate that upregulation of TSP-1 expression by leptin is mediated by JAK2/ERK/JNKdependent mechanisms. Furthermore, we report that while ERK and JNK are required for both the constitutive and leptin-induced expression of TSP-1, JAK-2 appears to be specifically involved in leptinmediated TSP-1 upregulation. Finally, we found that increased HASMC migration and proliferation in response to leptin is significantly inhibited by a TSP-1 blocking antibody, thereby revealing the physiological significance of leptin-TSP-1 crosstalk. Taken together, these findings demonstrate, for the first time, that leptin has a direct regulatory effect on TSP-1 expression in HASMCs, underscoring a novel role of TSP-1 in hyperleptinemia-induced atherosclerotic complications.
THROMBOSPONDIN-1 (TSP-1) belongs to a family of secreted extracellular matrix proteins, implicated in cell-cell and cell-matrix interactions. It has been established that these matricellular glycoproteins play an important role in numerous biological processes, such as cell adhesion, migration and proliferation, angiogenesis, inflammation, atherosclerosis, and thrombosis (1, 2, 7, 23) . TSP-1 is a potent antiangiogenic and proatherogenic protein with differential cell type-specific effects, e.g., increased proliferation of vascular smooth muscle cells (VSMC) and apoptosis of endothelial cells (EC) (48) . An increased expression of TSP-1 was reported in the injured vascular wall (42, 45) and early atherosclerotic lesions (43) , and TSP-1 is among the immediate early genes and growth factor genes expressed by VSMCs (28) . The TSP protein family has been genetically linked to the development of atherosclerotic vascular disease (54) , and previous studies have suggested a role for TSP-1 in restenosis (9, 20) . More recently, using the TSP-1 Ϫ/Ϫ / ApoE Ϫ/Ϫ double-knockout mice, it was shown that TSP-1 facilitates initiation of atherosclerotic lesions (30, 50) . Multiple studies have also documented that TSP-1 is upregulated in diabetic patients and animal models (31, 34, 49) as well as in obese humans and obese rodent models (19, 40, 56) , suggesting a role for TSP-1 in insulin resistance and obesity.
Hyperleptinemia, characteristic of type 2 diabetes and a hallmark feature of obesity, is well-recognized as a pathophysiological trigger attributing to the increased risk of cardiovascular complications. Emerging evidence suggests that several of the peripheral effects of leptin occur independently of its role in metabolic regulation. Previous studies have reported a direct association between plasma leptin concentrations and the intima-media thickness of the common carotid artery, an early marker of atherosclerosis (13) . Numerous human (3, 13, 14) and animal studies (4, 12) have also established that increased plasma leptin levels contribute to the pathogenesis of atherosclerosis, underscoring the importance of hyperleptinemia in vascular complications associated with both diabetes and obesity. It has been suggested that leptin promotes atherogenesis by exerting a direct effect on the endothelium, VSMC, and macrophages (33, 36) . Leptin exhibits several proatherogenic properties, including EC dysfunction (37, 51) , platelet aggregation (22) , vascular calcification (35, 58) , increased migration and proliferation of VSMC (25, 33) , and generation of reactive oxygen species (8, 25, 57) . Leptin is also known to regulate the expression of a number of vascular genes, including growth factors, cytokines, and extracellular matrix proteins (17, 24, 25, 36, 37, 41, 57) ; many of these genes, in turn, have been associated with the development of atherosclerosis and abnormal angiogenesis. However, a precise mechanistic understanding of leptin-induced atherogenesis and mechanisms activated by leptin that modulate changes in the gene expression profile in vascular cells remain controversial and incomplete. While recent studies demonstrate an important role of TSP-1 in obesity-associated insulin resistance, the putative role of TSP-1 in hyperleptinemia-induced macrovascular complications has not been clearly defined. In the present study, we sought to investigate a potential cross talk between leptin and TSP-1 in human aortic smooth muscle cells (HASMC) and to elucidate the role of TSP-1 in leptin-induced vascular cell function. In particular, we have postulated that an upregulation of TSP-1 expression by leptin may lead to macrovascular complications associated with hyperleptinemia. Additionally, we have deter-mined specific signaling mechanism(s) underlying such regulation.
MATERIALS AND METHODS
Cell culture. Primary HASMC isolates were cultured in DMEM/ F12 medium containing 10% FBS at 37°C in 5% CO 2 atmosphere. Cells with passage numbers between 6 and 18 were used in all experiments. Cells were placed in low-glucose (5 mM) DMEM supplemented with 0.2% FBS, 24 h prior to treatments, and were then stimulated with recombinant human leptin (endotoxin level Ͻ 1.0 EU per 1 g of protein, as determined by the LAL method; Peprotech) as described in the figure legends. For pharmacological inhibition of specific signaling pathways, cells were preincubated with different inhibitors for 2 h prior to stimulation with leptin. The specific signaling inhibitors used in this study were PD-98059(30 M, ERK inhibitor), SP-600125 (30 M, JNK inhibitor), SB-203580 (5 M, p38 MAPK inhibitor), and AG-490 (30 M, JAK2 inhibitor).
Northern blotting. Effect of leptin on TSP-1 mRNA levels was determined by Northern blotting as previously described (39) . Briefly, total RNA was extracted using Trizol reagent (Invitrogen), and the isolated RNA was stored in diethyl pyrocarbonate-treated water at Ϫ80°C. Prior to use, the purity and concentration of the RNA sample was determined by measuring the optical density at 260 and 280 nm. The optical density ratio at 260/280 for all RNA samples used in this study ranged from 1.8 to 2.1. For Northern blot analyses, 10 g of SMC RNA was electrophoresed in 16.7% agarose-formaldehyde gels, transferred to nylon membranes (PerkinElmer Life Sciences), and hybridized to 32 P-labeled TSP-1 cDNA probe, according to the method described previously (39) . The membranes were exposed to HyBlot CL autoradiography films (Denville Scientific) at Ϫ80°C for varying periods of time. Signal intensity of Northern blots was quantified using ImageJ or Adobe Photoshop software. Ethidium bromide staining of ribosomal RNA was used to control for RNA loading in samples.
Western blotting. Whole cell lysates were prepared using 1X RIPA buffer supplemented with protease inhibitors. Cell pellets were resuspended in protein sample buffer, boiled for 10 min, and samples were resolved in 10% SDS-PAGE gel. Western blotting was performed using either human anti-TSP-1 (1:2,000 clone AB11, Thermofisher) or mouse anti-TSP-1 (1:1,000 clone AB4, Thermofisher), anti-ERK1/2 (1:10,000, Cell Signaling), anti-JNK (1:2,000, Cell Signaling), and anti-PCNA (1:300, Abcam) antibodies. The membranes were stripped and reprobed with anti-␤-actin or anti-tubulin (Abcam) to control for protein loading in samples. The membranes were also stained with Ponceau S to determine equal protein loading. Quantification of Western blots was performed using ImageJ or Adobe Photoshop software.
siRNA transfection. HASMC were plated in 24-well clusters in DMEM/F12 medium containing 10% FBS; 80 -90% confluent cells were transfected with either control scrambled siRNA or with ERK1/2-or JNK-specific siRNA for gene silencing of the corresponding MAPK signaling pathways, as indicated in the figure legends. The siRNA was delivered to the cells using the silentFect Lipid Reagent (Bio-Rad) following the manufacturer's protocol. Briefly, 15-60 min prior to transfection, cells were placed in fresh serum-containing growth medium in the absence of antibiotics. Cells were transfected with 20 nM different siRNAs or scrambled siRNA (Cell Signaling). Forty-eight hours posttransfection, the silentFect-siRNA complex containing medium was changed to low-glucose (5 mM) DMEM containing 0.2% FBS, and the cells were preincubated in this lowglucose, low-serum medium for 24 h. Following this, the cells were further incubated with or without 100 ng/ml leptin, and transfected cells were harvested after 3 h. To detect protein expression of total ERK, JNK, and TSP-1, whole cell lysates were prepared from the transfected cells and subjected to Western blotting as described above.
Inhibition of transcriptional or translational pathways. Confluent HASMC were preincubated with either 5 g/ml actinomycin D (Act D), a transcriptional inhibitor, or 5 g/ml cycloheximide (CHX), a translational inhibitor, for 30 min. This was followed by incubation for 3 h with or without 100 ng/ml leptin, and cells were then harvested for isolation of RNA. Total RNA was extracted and used for Northern blotting as described above.
mRNA stability assay. Control cells or leptin-stimulated (3 h) cells were treated with 5 g/ml Act D and then lysed at different time points from 1 to 4 h following initiation of Act D treatment. Total RNA was extracted and used for Northern blotting as described above.
Cell transfection and luciferase assay. HASMC were plated in 24-well clusters (Costar) in 10% FBS, DMEM/F12 media. At 70 -80% confluency, cells were transiently transfected with either Ϫ1,270/ϩ750 TSP-1 gene (THBS1) promoter linked to a luciferase reporter gene construct or with pGL3 vector control. The transfection procedure was carried out using Lipofectin Reagent (Invitrogen), according to manufacturer's instructions. At 6 h posttransfection, the plasmid-DNA containing medium was changed to low-glucose (5 mM) DMEM containing 10% FBS, and the transfected cells were further incubated with 100 ng/ml leptin. For inhibitor studies, cells were incubated with leptin in the presence or absence of inhibitors of different signaling pathways as indicated in the figure legends. After 42 h of incubation, cell extracts were assayed for luciferase activity using a luciferase assay kit (Promega). Protein concentrations in cell lysates were analyzed using the BCA protein assay reagent (Pierce), and the activity of luciferase was normalized to total protein concentrations in lysates.
Animals. All procedures were conducted in accordance with and were approved by the Institutional Animal Care and Use Committee of Northeast Ohio Medical University (NEOMED). Male C57BL/6J mice and TSP-1 Ϫ/Ϫ mice, in C57BL/6J background (at 9 wk of age) from Jackson Laboratories (Bar Harbor, ME) were treated daily with 5 g/g recombinant mouse leptin (endotoxin level Ͻ 1.0 EU per 1 g of the protein as determined by the LAL method, R&D Systems) by intraperitoneal injections for 10 days. This dose regimen of leptin was chosen based on protocols used previously to reduce body weight and achieve fertility in leptin-deficient (ob/ob) mice (26) . Age-matched control mice received saline (vehicle) only by daily intraperitoneal injections. Mice were housed in a temperature-controlled room with a 12:12-h light/dark cycle and had adequate access to food and water ad libitum.
TSP-1 immunostaining. Freshly frozen aortic tissue sections were stained with biotinylated anti-TSP-1 antibody (AB4-BO, Thermofisher) using Vectastain Elite ABC Kit-Mouse IgG (Vector Labs.). TSP-1 expression was visualized with diaminobenzidine (15) peroxidase substrate kit (Vector Labs). A negative control without the anti-TSP-1 primary antibody was processed simultaneously for each section. Staining of matching sets of tissues from saline-and leptintreated mice was done simultaneously. Sections were counterstained with hematoxylin and eosin to allow identification of the intimal, medial, and adventitial layers of the vessel wall.
Preparation of tissue lysates. Aortic vessel, heart, and fat pad tissues collected from all mice were homogenized in SDS lysis buffer (per 100 ml: 0.76 g Tris-base, 0.074 g disodium EDTA, 2.3 g SDS, and 10% glycerol) containing protease inhibitors and incubated for 30 min at 4°C. After 30 min of centrifugation at 16,000 rpm, the supernatants were used for Western blotting as described earlier.
Migration of cultured smooth muscle cells. HASMC migration was determined using the scratch-wound assay (10) . Briefly, HASMCs were plated onto six-well cell culture plates and cultured to a confluent monolayer. The monolayer was wounded using a sterile 200-l pipette tip making a scratch in the middle of the well. The cells were then washed with serum-free DMEM, random areas on the scratchwound were marked with pen, and images were taken prior to any treatments. Following this baseline measurement, cells were incubated with or without 100 ng/ml recombinant human leptin in the presence or absence of 10 g/ml anti-TSP-1 antibody (clone AB 11, Thermofisher) or purified IgG (negative control antibody), and images were taken 24 h later to determine the distance of each scratch-wound closure. All images of wounding were taken using an Olympus microscope equipped with a CCD camera and Q Capture Pro software, and ImageJ was used to measure the area of the wound.
Proliferation of cultured smooth muscle cells. HASMC were plated in 96-well clusters (2,000 cells/well) in 10% FBS, DMEM/F12 medium. Twenty-four hours later, the medium was changed to low glucose (5 mM) DMEM containing 0.2% FBS, and treatments were initiated as follows. Cells were preincubated for 4 h with 10 g/ml of anti-TSP-1 antibody (clone AB11, Thermofisher) or purified IgG (negative control antibody) followed by further incubation with or without recombinant human leptin (100 -1,000 ng/ml). After 4 days of treatment, cell proliferation was determined using the Cell Proliferation Reagent WST-1, a nonradioactive colorimetric assay for quantitation of cell proliferation, according to the manufacturer's instructions (Roche).
Statistical analysis. All results are presented as means Ϯ SE from at least three independent experiments, with two to four replicates of control and leptin-treated cells within each individual experiment. Significant differences between means were determined by a Student's t-test; P Յ 0.05 considered statistically significant.
RESULTS

High leptin concentrations upregulate TSP-1 expression in HASMCs in vitro.
We previously demonstrated that high glucose stimulates TSP-1 expression in HASMC (39) . In the present study, we evaluated whether high leptin concentrations, mimicking hyperleptinemic conditions characteristic of diabetes and obesity, upregulate TSP-1 expression in HASMCs. Our results showed that treatment of HASMC with leptin (100 ng/ml) significantly increased TSP-1 mRNA expression, as early as within an hour of incubation (Fig. 1A) . The maximal response was observed at 3 h of 100 ng/ml leptin treatment (3.5-fold). In addition, there was a dose-dependent (1-100 ng/ml) increase in TSP-1 mRNA levels, with statistically significant increases observed only with 10 and 100 ng/ml of leptin (Fig. 1B) . TSP-1 protein expression was also upregulated by high leptin treatment at both 3 and 6 h of incubation with leptin compared with untreated cells. Consistent with its effects on the TSP-1 mRNA level, the maximal TSP-1 protein expression occurred at 3 h of 100 ng/ml leptin treatment (4-fold, Fig. 
1, C and D)
. These findings clearly demonstrate that leptin has Fig. 1 . Leptin in vitro stimulates thrombospondin-1 (TSP-1) expression in human aortic smooth muscle cells (HASMCs). HASMC were incubated with 100 ng/ml leptin for 1, 3, 6, and 24 h, as appropriate; total RNA and whole cell lysates were used in Northern and Western blotting, respectively. A: time-dependent effect of 100 ng/ml leptin on TSP-1 mRNA expression; shown is the densitometric quantification of Northern blots (n ϭ 3-5). B: dose-dependent effect of leptin on TSP-1 mRNA expression at 3 h of incubation; shown is the densitometric quantification of Northern blots (nϭ3-5). C: time-dependent effect of leptin (100 ng/ml) on TSP-1 protein expression; shown is a representative Western blot for TSP-1 (top panel) and ␤-actin (loading control, bottom panel). D: densitometric quantification of Western blots (n ϭ 4 -5). All results are expressed as means Ϯ SE. *P Յ 0.05 vs. control. a direct stimulatory effect on TSP-1 expression in HASMCs. All subsequent experiments were performed after 3 h of leptin treatment, since the maximum effect on TSP-1 expression was achieved at this time point.
MAPK signaling mediates constitutive and leptin-induced TSP-1 expression in HASMCs. We next investigated the signaling mechanisms that mediate upregulation of TSP-1 expression by leptin in HASMC. Activation of mitogen-activated protein kinase (MAPK) is one of the major signal transduction cascades widely attributed to the actions of leptin (18) . To delineate its underlying role in leptin-induced TSP-1 expression, we used specific inhibitors blocking each of the MAPK family members, namely, extracellular signal-regulated kinases (ERK), stress-activated protein kinase/c-Jun-NH 2 -terminal kinases (SAPK/JNK), and p38-MAPK. Specifically, pretreatment of cells with PD-98059 (ERK inhibitor) and SP-600125 (JNK inhibitor) significantly inhibited leptin-induced increase in TSP-1 mRNA expression by 77% and 82%, respectively ( Fig. 2A) , as quantified by densitometric scans of the Northern blots. Consistent with their effects on the mRNA levels, both PD-98059 and SP-600125 remarkably attenuated TSP-1 protein expression stimulated by leptin (81% and 92%, respectively) (Fig. 2B) . However, we found only a marginal inhibition in leptin-induced TSP-1 expression with SB-203580, a p38-specific inhibitor (data not shown). Additionally, we have observed that pretreatment with both ERK-and JNKspecific inhibitors resulted in a significant decrease in the basal expression of TSP-1 mRNA and protein levels (Fig. 2) . To further confirm the role of ERK-and JNK-dependent mechanisms in leptin-induced TSP-1 upregulation, we next utilized siRNA gene silencing approaches to specifically knockdown ERK and JNK isoforms in HASMC. Transient transfection of HASMC with siRNAs targeted against ERK and JNK significantly decreased the levels of ERK and JNK protein expression, respectively, compared with cells transfected with a control scrambled siRNA, confirming the specific knockdown of ERK and JNK proteins by the used siRNAs. Importantly, knockdown of either ERK or JNK completely blocked leptininduced increase in TSP-1 protein expression (Fig. 3) , further confirming a role for ERK and JNK in upregulation of TSP-1 expression by leptin.
Transcriptional regulation of TSP-1 mRNA by high leptin concentration in HASMCs. We have observed that pretreatment of HASMC with actinomycin D (Act D), a transcriptional inhibitor, but not with cycloheximide (CHX), a translational inhibitor, significantly inhibits leptin-induced increase in TSP-1 mRNA expression (Fig. 4A) . To determine whether leptin induces TSP-1 mRNA expression by increasing the transcription or stability of mRNA, we performed an Act D chase experiment. While TSP-1 mRNA levels were increased after stimulation with leptin ( Fig. 4B , top panel), incubation with leptin did not alter the stability of TSP-1 mRNA (Fig. 4B , bottom panel), suggesting that leptin-induced increase in TSP-1 mRNA is not due to an increase in the mRNA stability. Furthermore, in cells transiently transfected with Ϫ1,270/ ϩ750 pTHBS1 promoter-luciferase reporter gene construct, incubation with leptin (100 ng/ml) resulted in a robust increase in the luciferase activity of the THBS1 promoter (3.4-fold) compared with untreated cells; in contrast, leptin did not have any effect on cells transfected with pGL3 vector control ( Fig.   Fig. 2 . MAPK inhibitors attenuate leptin-induced TSP-1 mRNA and protein expression in HASMC. Following a 2-h preincubation with 30 M PD-98059 (ERK inhibitor) or SP-600125 (JNK inhibitor), HASMCs were treated with 100 ng/ml leptin for 3 h; isolated RNA and protein lysates were used for Northern (A) and Western blotting (B), respectively. Top panels: representative Northern and Western blots. Note that the lane images show mRNA or proteins detected on a representative single blot; however, they were rearranged for clarity of presentation. Bottom panels: quantification of blots from 4 -5 independent experiments. Values are means Ϯ SE. *P Ͻ 0.05 vs. control; #P Ͻ 0.05 vs. leptin. 4C). Taken together, these results clearly demonstrate that leptin activates TSP-1 gene at the level of transcription in HASMCs. Additionally, we have found that specific MAPK inhibitors blocked leptin-induced THBS1 promoter activity, and this was consistent with their effects on the endogenous TSP-1 mRNA levels induced by leptin. Specifically, PD-98059 and SP-600125 significantly attenuated THBS1 promoter activity (Ͼ50%) compared with leptin-treated cells, thereby suggesting a role for MAPK-dependent mechanisms in transcriptional upregulation of TSP-1 by leptin (Fig. 4D) .
JAK2-dependent signaling is more specific for leptin-induced upregulation of TSP-1 expression in HASMCs. Our data demonstrate that ERK and JNK regulate both the constitutive and leptin-induced expression of TSP-1 in HASMC. To further elucidate a signaling mechanism that is more specific to leptinmediated upregulation of TSP-1, we focused on the Janus kinase 2 (JAK2)-dependent pathway, previously linked to leptin-mediated signaling. AG-490, a JAK2-specific inhibitor, significantly inhibited TSP-1 mRNA (67%, Fig. 5A ), protein expression (51%, Fig. 5B ), and THBS1 promoter activity (53%, Fig. 5C ) induced by leptin in HASMC, compared with untreated cells. However, unlike ERK-and JNK-specific inhibitors, AG-490 did not have any effect on the basal level of expression of the endogenous TSP-1.
Leptin stimulates TSP-1 expression in vivo. To assess a direct effect of leptin treatment in vivo (at concentrations previously shown to promote atherosclerosis in ApoE Ϫ/Ϫ mice, a mouse model of hyperlipidemia, and effective in achieving weight loss and fertility in ob/ob mice) on TSP-1 expression in the walls of the large blood vessels, C57BL/6J mice were treated with daily intraperitoneal injections of recombinant mouse leptin (5 g/g body wt) or saline (vehicle control) for a period of 10 days. Uninjured aorta was collected from all animals, and the expression and distribution of TSP-1 along the blood vessel wall was compared between leptin-treated and control mice. The TSP-1 expression was remarkably elevated in the vascular walls of the leptin-treated mice (Fig. 6) , and the increase was localized to both the medial and adventitial layers of the vessel wall. Immunohistochemistry studies revealed a positive staining for TSP-1 in luminal EC as well as cells of the media and adventitia (Fig. 6, A and B) . A significant difference in TSP-1 expression within the vascular walls of leptin-treated vs. control mice was also confirmed by Western blotting of the protein lysates from the aortic vessel tissue. While TSP-1 was abundant in the aorta of mice treated with leptin, protein expression was barely detectable in the vessel tissues of saline-treated animals (Fig. 6D) . As reported earlier (49) , an additional lower band representing proteolytically processed TSP-1 was also detected by the antibody (AB4, Thermofisher). Densitometric quantification of Western blots further confirmed the significant increase (3.7-fold) in TSP-1 levels in the large vessels of mice treated with leptin (Fig. 6E) . To further determine whether the effects of leptin in vivo on TSP-1 expression are vascular specific, we measured TSP-1 protein expression in heart and fat pad tissue lysates obtained from saline-and leptin-treated mice. Western blotting revealed that unlike its effect in the aortic vessel wall, leptin in vivo did not have any effect on TSP-1 expression in the heart (Fig. 6F) . Additionally, TSP-1 expression was undetectable in fat pad tissue lysates from both control and leptin-treated mice (data not shown). Taken together, these findings clearly demonstrate that exogenous leptin stimulates TSP-1 production in the intact large blood vessels of normal C57BL/6J mice.
SMC migration and proliferation induced by high leptin concentrations in HASMCs is mediated via TSP-1.
Leptin has been previously reported to induce migration and proliferation of VSMC (25, 33) . Consistently, increasing evidence has also demonstrated an important role for TSP-1 in activation, migration, and proliferation of aortic SMCs, in turn, triggering neointimal formation upon vascular injury (29) . Therefore, we investigated a potential role of TSP-1 in modulation of VSMC function induced by leptin. Leptin (100 ng/ml) significantly increased HASMC migration (Fig. 7A) . Concomitant with our hypothesis that leptin-induced migration is modulated by increased levels of TSP-1, incubation with an anti-TSP-1 blocking antibody (10 g/ml) significantly inhibited leptininduced SMC migration by 63% compared with cells treated with leptin alone. In contrast, treatment with IgG control antibody (10 g/ml) did not have any effect on leptininduced SMC migration (Fig. 7A) . Quantification of scratch- Fig. 3 . siRNA-mediated gene silencing of ERK (A) or JNK (B) blocks leptin-induced TSP-1 expression in HASMC. siRNA for ERK, JNK, or control scrambled siRNA were delivered to HASMC using silentFect Lipid Reagent (Bio-Rad); transfected cells were incubated with or without 100 ng/ml leptin for 3 h. Shown are representative Western blots from 3 independent experiments. ␤-Actin was used as the loading control.
Fig. 4. Leptin activates TSP-1 gene transcription in HASMC.
A: actinomycin D (Act D, transcriptional inhibitor), but not cycloheximide (CHX, translational inhibitor), inhibits leptin-induced increase in TSP-1 mRNA expression. Cells were preincubated for 30 min with either 5 g/ml Act D or CHX, followed by incubation with leptin (100 ng/ml) for 3 h; total RNA was used in Northern blotting. Shown is the densitometric quantification of Northern blots. Results are means Ϯ SE from 3 independent experiments. *P Յ 0.05 vs. control. B: leptin treatment did not increase TSP-1 mRNA stability. HASMC were incubated with or without 100 ng/ml leptin for 3 h, followed by treatment with 5 g/ml Act D; cells were lysed at 1-4 h after initiation of Act D treatment. Top panel: representative Northern blot; bottom panel: quantification of Northern blots (n ϭ 4). C: leptin stimulation increases the activity of Ϫ1,270/ϩ750 pTHBS1 promoter. HASMC were transiently transfected with Ϫ1,270/ϩ750 pTHBS1 promoter-luciferase reporter construct or pGL3 vector control. After a 6-h recovery, media were aspirated and cells were treated with or without 100 ng/ml leptin. Luciferase activity was measured 42 h later. Results are expressed as means Ϯ SE (n ϭ 6). *P Ͻ 0.01 vs. control (Ϫ1,270/ϩ750 pTHBS1). D: MAPK inhibitors decrease leptin-induced THBS1 promoter activity. HASMC transfected with Ϫ1,270/ϩ750 pTHBS1 promoter (dark bars) or pGL3 vector control (light bars) were incubated with or without leptin (100 ng/ml) in presence or absence of 30 M PD-98059 or SP-600125; luciferase activity was measured 42 h later. Results are expressed as means Ϯ SE (n ϭ 6). *P Յ 0.05 vs. control (no leptin, THBS1 promoter); #P Յ 0.005 vs. leptin (THBS1 promoter).
wound closures confirmed the role of TSP-1 in SMC migration induced by leptin (Fig. 7B) . In parallel experiments using serum-starved cells, leptin (100 -1,000 ng/ml) produced a dose-dependent increase in HASMC proliferation (6.6-to 9-fold). Although leptin-induced SMC proliferation was significantly attenuated by an anti-TSP-1 blocking antibody, there was a complete lack of effect on SMC proliferation stimulated by leptin in response to IgG control antibody (Fig. 7C) . Taken together, these findings clearly demonstrate that leptin-induced migration and proliferation of HASMC is mediated, at least in part, by TSP-1. To further confirm these in vitro data, we compared the effect of leptin treatment in vivo on the expression level of a proliferation marker, proliferating cell nuclear antigen (PCNA), in the vessel walls of wild-type and TSP-1 Ϫ/Ϫ mice. As shown by Western blotting, we found that leptin treatment in vivo significantly increased PCNA expression in the aortic vessel walls of wild-type mice (2.9-fold vs. untreated mice). Importantly, in contrast to the wild-type mice, leptin in vivo failed to produce a significant increase in PCNA expression in the vascular walls of TSP-1 Ϫ/Ϫ mice (Fig. 7, D and E) . These results support our in vitro findings and clearly demonstrate that leptin-induced proliferation in the aortic vessel wall is mediated, at least in part, via TSP-1.
DISCUSSION
In the present study, we show for the first time that leptin, at clinically relevant concentrations measureable in obese and diabetic individuals, has a direct stimulatory effect on the matricellular protein, TSP-1, expression in HASMCs in culture. We further show that this upregulation of TSP-1 by leptin is at the transcriptional level. Overall, our results suggest TSP-1 as an important mediator of leptin-induced vascular dysfunction.
There are several lines of published evidence suggesting a causal link between hyperleptinemia and macrovascular atherosclerotic disease. An increased expression of leptin receptor has been documented in the injured neointima, media, and Fig. 7 . TSP-1 blocking antibody inhibits leptin-induced migration and proliferation in HASMC. A: HASMC were incubated with or without 100 ng/ml leptin in presence of 10 g/ml anti-TSP-1 antibody or purified IgG (negative control antibody). Cell migration was determined using scratch-wound assay as described in MATERIALS AND METHODS; shown is a representative image. B: the distance of the scratch wound closure was measured using ImageJ software. Shown is the quantification of migration. Values are means Ϯ SE (n ϭ 3); *P Յ 0.01 vs. control; **P Յ 0.0001 vs. leptin. C: HASMC were preincubated for 4 h in serum-free low glucose (5 mM) DMEM with anti-TSP-1 or purified IgG, as in A. Cells were then stimulated with leptin (100 -1,000 ng/ml), and cell proliferation was measured 4 days poststimulation as described in MATERIALS AND METHODS. Results are means Ϯ SE (n ϭ 4); *P Յ 0.05 vs. control; ϩP Ͻ 0.02 vs. leptin 100 ng/ml; ϩϩP Ͻ 0.04 vs. leptin 500 ng/ml; ϩϩϩP Յ 0.05 vs. leptin 1,000 ng/ml. D: leptin in vivo failed to increase PCNA expression in aortic vessel walls of TSP-1 Ϫ/Ϫ mice. Wild-type and TSP-1 Ϫ/Ϫ mice were treated with recombinant mouse leptin as described in Fig. 6 ; the aortic vessel tissue was harvested at end point and used for Western blotting as described in MATERIALS AND METHODS. Shown are representative Western blots for PCNA (top panel) and tubulin (loading control, bottom panel); each lane represents an individual mouse. Note that the lane images show proteins detected on a representative single blot; however, they were rearranged for clarity of presentation. E: relative fold change in PCNA expression vs. control (untreated) mice. Values are means Ϯ SE. *P Ͻ 0.01 vs. control; **P Ͻ 0.02 vs. wild-type ϩ leptin (n ϭ 3-5 mice). . F: leptin in vivo did not stimulate TSP-1 expression in heart tissue. Mice were treated as described above; heart tissue was harvested at end point and used for Western blotting as described in MATERIALS AND METHODS. Shown are representative Western blots for TSP-1 (top panel) and tubulin (loading control, bottom panel); each lane represents an individual mouse (n ϭ 3 mice).
atherosclerotic plaques, with enhanced expression in VSMC (5) . An interaction with these receptors is typically considered as an initial step in leptin-induced atheroma formation. Plasma leptin levels are significantly elevated in both diabetic and obese individuals, and high circulating levels of leptin is recognized as an important risk factor for vascular complications, independent of metabolic and inflammatory dysregulation. In recent years, increasing evidence has assigned a critical role to the matricellular glycoprotein, TSP-1, in atherosclerosis, with an increased TSP-1 expression being reported in both diabetic patients and animal models (49) . Additionally, we and others have shown that TSP-1 expression is upregulated by high glucose in different vascular cells, including EC, VSMC, and fibroblasts (39, 49) . More recently, both human and animal studies demonstrate elevated TSP-1 levels in the obese population as well (19, 40, 56) . Surprisingly, there is no direct information on TSP-1 expression in vascular cells in response to leptin, and the goal of the present study was to provide some of this missing information. The present work demonstrates a time-dependent differential regulation of TSP-1 in response to high leptin concentrations, relevant to hyperleptinemia. Our findings that acute leptin exposure (3 h) increases both TSP-1 mRNA and protein expression suggest a transcriptional or posttranscriptional regulation of TSP-1 by leptin in HASMCs. On the other hand, upregulation of TSP-1 mRNA while decreasing the protein levels following long-term (24 h) leptin treatment could be attributed to protein degradation or silencing of the protein translational machinery. TSP-1, as a protein with significant proatherogenic and antiangiogenic action, is known to play a key role in early SMC activation following vascular injury. Previous studies have shown that vascular TSP-1 modulates distinct morphological features of the medial SMC, triggering migration and proliferation of SMCs with consequent neointimal and medial thickening (29) . Our present work that TSP-1 expression is upregulated by leptin in HASMCs suggests that this effect may account for the atherogenic function of leptin contributing to the pathogenesis of atherosclerosis.
Leptin activates multiple signal transduction pathways, including MAPK and JAK/STAT (16, 18) , but the molecular mechanisms responsible for the effects of leptin in vascular cells have been incompletely understood. It is well-established that both MAPK and JAK/STAT-mediated signaling play key roles in growth and proliferation of diverse cell systems (21) . The MAPK pathway comprises three distinct highly interactive families of protein kinases, including ERK1/2, JNK, and p38. Accumulating evidence indicates that while ERK activation is a central player in VSMC proliferation, both JNK and p38 are also involved in various stress-induced cellular responses, including cell survival and apopotosis (21, 59 ). Zhan et al. (59) showed that all the three MAP kinases are important in regulation of VSMC migration. Previous studies have demonstrated that leptin can induce each of these MAP kinases in vascular cells, and several of the leptin-mediated responses are directly attributable to ERK, JNK, or p38. Both JNK and p38 activation have also been implicated in TSP-1 expression induced by angiotensin II and TGF-␤ in mesangial cells, VSMC, and pancreatic tumor cells (27, 32, 53) . Additionally, McGillicuddy et al. (27) demonstrated that in VSMC, ERK1/2 signaling contributes to TSP-1 expression. We previously reported that activation of the hexosamine pathway of intracellular glucose metabolism and subsequent protein glycosylation mediate upregulation of TSP-1 expression by high glucose in VSMC (39) . In the present study, we have shown that ERK or JNK inhibition significantly abrogated leptin-induced TSP-1 expression, both at the mRNA and protein levels. These observations suggest that in VSMC, both ERK and JNK signaling play dominant roles in upregulation of TSP-1 expression induced by leptin at the transcriptional or posttranscriptional levels. Our study thus demonstrates a role for MAPK in modulation of TSP-1 expression by hyperleptinemia that is distinct from the molecular mechanisms that control high glucose-induced TSP-1 expression in VSMCs.
Notably, we found that increased synthesis of TSP-1 upon acute leptin stimulation is direct and represents a transcriptional mechanism of upregulation of TSP-1 expression by leptin. The lack of an effect of a translational inhibitor, CHX, on leptin-induced TSP-1 mRNA levels suggests that de novo synthesis of proteins is not required for the leptin-mediated increase in endogenous TSP-1 mRNA levels. Further, the fact that leptin enhanced activation of THBS1 promoter coupled with its lack of effect on TSP-1 mRNA stability clearly demonstrate that upregulation of TSP-1 expression by leptin results from a transcriptional activation of the TSP-1 gene. Additionally, conditioned media from leptin (3 h)-stimulated HASMCs failed to increase TSP-1 expression, suggesting a direct effect of leptin on TSP-1 expression, but not mediated by any secreted factors (data not shown).
Our present work also reveals a critical role for JAK2 specific to leptin-mediated TSP-1 upregulation. JAK2, a component of the JAK/STAT pathway, was previously shown to be an important regulator of leptin-mediated responses in vascular cells (16, 18) . In the present study, we demonstrate that while ERK-and JNK-specific inhibitors significantly decreased the constitutive expression of TSP-1, a JAK2-specific inhibitor decreased only leptin-induced TSP-1 expression with no apparent effect on the basal level of TSP-1 expression. These findings clearly indicate that in VSMC, while JAK2 is required for leptin-mediated TSP-1 upregulation, it is not sufficient for the constitutive expression of TSP-1. As a multifunctional extracellular matrix protein, regulation of TSP-1 may involve an interaction between multiple signaling cascades. Stimulation of MAPK and JAK2 pathways induces phosphorylation and activation of several transcription factors, including NF-B, cJUN, AP-1, CREB, and STATs. Previous studies suggest that JAK2/STAT and MAPK may act as opportunistic partners, and nuclear translocation of activated STATs initiates target gene transcription upon recruitment of transcriptional factors, such as CREB, NF-B, and AP-1, and binding of the resulting complex to specific DNA elements in the promoter of the target gene (16) . We have previously reported that high glucoseinduced activation of TSP-1 transcription in VSMCs is regulated cooperatively by a direct interaction between different transcription factors (38) . Based on our findings in the present study, we speculate that JAK2 works upstream of the MAPK pathway, and an association between specific nuclear proteins, downstream of ERK, JNK, and JAK2 signaling, mediates synthesis of TSP-1 in response to hyperleptinemia in HASMCs.
Interestingly, in line with our in vitro findings, the present work also demonstrates that exogenous leptin, at concentrations sufficient to achieve weight loss in obese mice and adequate to promote atherosclerosis in hyperlipidemic mice, increases TSP-1 levels in the aortic vessel walls in mice, with marked accumulation of the protein in the medial layers. These observations are not only comparable to our in vitro findings but also distinctly support VSMC as an important local source of TSP-1 in response to hyperleptinemia. It is well known that multiple cell types can produce TSP-1 in response to various stimuli. Previous studies have indicated that the multidomain structure of TSP-1, capable of independent functionality, is largely responsible for its differential cell and tissue-specific effects (50) . Such cell type-specific mechanisms of regulation of TSP-1 coupled with the involvement of distinct cell-surface receptors and binding partners determine the overall fates of angiogenesis and SMC activation in a tissue. In the present work, detection of TSP-1 in the vessel wall by immunohistochemistry showing an increased expression in the luminal EC and extracellular matrix of the adventitia suggests the capacity of additional vascular cell types (EC, fibroblasts) to respond to leptin by increasing TSP-1 production. Future studies delineating the specific contribution of different vascular cell-types to increased TSP-1 synthesis induced by leptin as well as cell type-specific mechanisms that modulate TSP-1 regulation by leptin warrant investigation.
VSMC migration and proliferation are key events in the initiation and development of atherosclerosis, contributing to the increased arterial neointimal thickening. Numerous in vivo and in vitro studies have documented that leptin promotes neointimal hyperplasia and vascular remodeling by inducing VSMC migration, proliferation, hypertrophy, and calcification, thereby supporting a role for leptin in pathogenesis of vascular lesions (21, 46) . TSP-1, abundantly expressed upon vascular injury, facilitates VSMC migration and proliferation, resulting in the formation of a neointima (11, 29) . Our findings, that leptin upregulates TSP-1 expression in HASMC, support the notion that this effect, in turn, may trigger leptin-induced VSMC activation. Indeed, using an anti-TSP-1 antibody, previously shown to block SMC proliferation and reduce neointimal formation (11, 44) , we have directly confirmed in this work that hyperleptinemia-induced migration and proliferation of SMC may be regulated, in part, by TSP-1. Furthermore, our in vivo experiments demonstrating the inability of leptin treatment to increase the expression of a proliferation marker, PCNA, in the aortic vessel walls of TSP-1 Ϫ/Ϫ mice compared with wild-type mice lend additional support to a potential role of TSP-1, at least in part, in leptin-induced modulation of vascular function within the walls of the large blood vessel. While our results that leptin stimulates VSMC migration and proliferation are in total agreement with earlier reports (25, 33) , these data are different from those of Bohlen et al. (6) who showed an inhibition of HASMC proliferation by leptin. However, while the aortic SMC used in our study were derived from healthy individuals, devoid of any arterial disease, most of the aortic SMC used by Bohlen et al. were obtained from an older, arterial diseased population. Previous studies have reported a differential effect of aging on VSMC response to injury (55) , and this could be a possible explanation for the discrepancies between their work and our present findings.
Recent studies have suggested numerous counterbalancing effects of TSP-1 in vivo during early and later stages of atherosclerotic lesions. Thus, while vascular degenerative effects of TSP-1 in initial stages of plaque development may be mediated by limited EC survival, EC dysfunction, and enhanced SMC migration/proliferation, this may be counteracted at more advanced stages by the ability of TSP-1 to reduce collagen deposition and increase macrophage phagocytosis, resulting in suppression of plaque maturation and rupture (30, 50) . In light of these earlier reports together with our present findings, it is reasonable to suggest that dramatically elevated TSP-1 levels in the vessel wall in response to hyperleptinemia may act as a pathophysiological trigger for initiation of lesions, contributing to accelerated atherosclerosis and restenosis in hyperleptinemia. Future studies are needed to investigate this TSP-1-dependent phenomenon during development and progression of atherosclerotic lesions in response to hyperleptinemia in an in vivo setting.
In conclusion, the present study is the first demonstration that leptin, at concentrations relevant to diabetes and obesity, has a direct regulatory effect on the matricellular protein, TSP-1, expression in HASMC, and this increase in TSP-1 production is mediated by JAK2/ERK/JNK-dependent mechanisms. Our results that leptin increases SMC migration/proliferation through stimulation of TSP-1 stress a crucial and potential role of TSP-1 in the context of important vascular functions of leptin. Overall, the present study suggests TSP-1 as a novel molecular link through which hyperleptinemia may modulate VSMC function in the large vessels, thus implicating TSP-1 as a potential therapeutic target for hyperleptinemiainduced macrovascular complications.
